Branched core-shell hybrids of tin nanowires and carbon nanotubes have been successfully obtained on silicon substrate via a self-assembly process by chemical vapor deposition. Structure characterization unveiled that the nanostructures are the hybrids of branched single-crystalline b-Sn nanowires coated with amorphous carbon nanotubes. Detailed investigation demonstrates that the amount of introduced ethylene plays a crucial role in triggering the morphology change of the product from freestanding core-shell hybrids to branched hybrids accompanying with a thickness and surface morphology change of carbon shell. Architecture of the branched core-shell hybrids has been categorized and the mechanism has been discussed. This kind of branched hybrids may find great potential applications in building multipath nanoelectronic components, lithium-ion battery electrodes, and enhanced superconducting nanodevices as well.
I. INTRODUCTION
Development of one-dimensional (1D) core-shell hybrid nanostructures has been a significant issue because of their great potential serving as building blocks in various nanodevices. Encapsulating nanowires inside carbon nanotubes may combine the functionality of both carbon nanotubes and target nanowires and possibly offer enhanced properties and more diverse applications of the nanowires due to the mutual coupling effect between the core and shell parts. Recently, various metal/alloy nanowires, including Pb and Bi, 1 Ni, 2,3 Ga, 4, 5 Co, 6 Fe, 7, 8 Pd, 9 Ag, 10 Cu, [11] [12] [13] CuSi, 14 FeCo, 15 and FeNi, 16 have been developed into core-shell structures coated with carbon nanotubes because of their applications in creating nanoscale thermometers, 4 switches, 5 rheostats, 11 magnets, 6, 15, 16 as well as electromagnetic shielding, 7 hydrogen storage, 9 and spot welding 12 nanodevices. Bulk tin has superior electrical conductivity, resistance to corrosion, and high activity and has been extensively used in the electronic industry. [17] [18] [19] Superconducting behavior of tin nanowires has also been reported. 20, 21 More recently, Zou and Wang 22 reported that tin@carbon coreshell nanowires have high and fast lithium storage capacities. On the other hand, excellent rate capability of branched tin-based alloy nanowires sheathing with carbon shell has been explored due to the increased electrolyte contact area and the reduced lithium diffusion length, which displays their promising potential in lithium-ion battery applications. 23 In addition, thickness of carbon layer plays an important role in cycle life of the lithium ion chargedischarge. 24 In this paper, we report novel branched tin nanowire (single-crystalline)/carbon nanotube (amorphous) core-shell nanowires via a self-assembled chemical vapor deposition method on silicon wafer. The tin@carbon core-shell nanowires can be readily switched from freestanding structures to branched structures, and thickness of the carbon layer can be well controlled by tuning the amount of introduced carbon species. The branched core-shell nanowires reported here present a kind of architecture with multipaths, which can be an alternative structure unit for implementing multipath switching, 25 logic circuits, 26 lithium-ion batteries, and other complex functional nanoelectronic devices 27 as well as enhanced superconducting nanodevices.
II. EXPERIMENTAL SECTION
The multiterminal Sn@C core-shell nanowires were synthesized using a chemical vapor deposition method. In a typical procedure, pure commercial grade Sn powders (2 g, -325 mesh, 99.8%) were loaded in an alumina boat placed at the middle of a quartz tube horizontally mounted in a tube furnace. A piece of silicon wafer was placed beside Sn powder, acting as a substrate for collecting products. The reaction chamber was heated from room temperature to 900°C at a heating rate of 50°C/min under an atmosphere of flowing Ar (200 sccm) and controlled ethylene flow rate (0-9 sccm). Subsequently, the furnace was kept at 900°C for 2 h and then was cooled to room temperature. After the reaction, gray dark-like products (thin films) were observed on the surface of the silicon wafer. In this work, no metal catalyst was predeposited on the silicon substrate. Morphology of the synthesized product was examined initially using Hitachi S-2600N scanning electron microscope (SEM; Tokyo, Japan). Further structural characterization of the 1D nanostructures was carried out using a Rigaku-MiniFlex powder x-ray diffraction (XRD) spectrometer (Tokyo, Japan) and a JEOL 2010 FEG transmission electron microscope (TEM; JEOL Ltd., Tokyo, Japan) at 200 kV equipped with energy dispersive x-ray analysis facility. The crystal structure of the produced nanostructures was determined by high-resolution transmission electron microscope (HRTEM) and selected area electron diffraction (SAED) in a Tecnai G2 F30 TEM (FEI, Hillsboro, OR).
III. RESULTS AND DISCUSSION
Figure 1(a) shows a low magnification SEM image of the product; high-density nanowire arrays can be observed. A close-up SEM observation reveals that each nanowire bundle exhibits as a branched comb-like architecture with multiterminal nanowires, as shown in the typical picture of inset image. XRD was performed to investigate the phase structure of the product; the diffraction pattern shown in Fig. 1(b) can be indexed to b-Sn with tetragonal structure without graphite diffraction peaks being detected.
To shed a light on the detailed structure of the product, TEM experiment was conducted. Figure 2 (a) shows a bright field image of the product; obviously, a branched core@shell core-shell nanowires structure is observed. It indicates that parallel distributed core-shell nanowires are connected at the cable end and a multiterminal coreshell nanowires are created, which is consistent with the results shown in the inset image of Fig. 1(a) . As is known, the crystallinity nature of the nanocore and nanoshell as well as the core-shell interface determines the properties of the core-shell structure in practical applications. Therefore, scrutiny on the fine structure of the tin core, carbon shell, and the interface is necessary. HRTEM observation in Fig. 2(b) indicates the crystalline nature of the tin core; the spacing of the lattice fringes of the crystalline core is measured as 4.13 Å, corresponding to (110) planes of tetragonal b-Sn. The outer coat is mainly composed of amorphous carbon layer, while a couple of crystalline carbon layers are found at the core/shell interface due to relatively low catalytic effectiveness of tin. SAED pattern in Fig. 2(c) can be assigned to planes of single-crystalline tetragonal b-Sn. Therefore, the product is actually core-shell nanowires consisting of single-crystalline tin nanowires and amorphous carbon nanotubes, which is consistent with the XRD results.
To unveil the formation mechanism of the branched core-shell nanowires, effect of experimental conditions on the growth has been systematically investigated. During our experiments, it has been found that temperature and C 2 H 4 dose are two important factors in determining the growth quality of the core-shell nanowires. When temperature was lower than 850°C, the density of the coreshell nanowires was significantly decreased and branched core-shell nanowires could not be observed any more. While temperature decreased below 800°C, 1D nanostructures were not observed any more based on SEM determination, which could be ascribed to low supersaturation degree of tin vapor. Branched core-shell nanowires were obtained at the temperature ranging from 850 to 950°C, and 900°C was fixed as the optimal temperature for the growth of branched core-shell nanowires. On the other hand, high temperature over 950°C would terminate 1D growth of the nanostructures, and only microscale core-shell particles were observed, which was probably due to high supersaturation degree of tin vapor leading to quick aggregation of liquid tin droplets during the deposition of tin vapor onto the silicon substrate. Moreover, experimental results showed that the amount of C 2 H 4 gas plays a critical role in triggering the growth of the branched core-shell nanowires. Figure 3 shows SEM images of the product under different C 2 H 4 flow rates. Without introducing C 2 H 4 , no 1D nanostructures but tin particles were observed on the silicon substrate. By introducing C 2 H 4 with a flow rate of 1 sccm, freestanding 1D nanostructures were sparsely grown on the silicon substrate as shown in Fig. 3(a) . Tuning the flow rate of C 2 H 4 to 2 sccm, density of the 1D nanostructures was increased as shown in Fig. 3(b) . When the flow rate of C 2 H 4 was elevated to 5 sccm, branched 1D nanostructures were generated in bulk yield as shown in Fig. 3(c) . Further increase of the C 2 H 4 flow rate decreases the density of the branched core-shell nanowires. While the flow rate of C 2 H 4 was increased to 9 sccm, 1D growth of the nanostructures was severely restrained and the branched 1D nanostructures also disappeared as shown in Fig. 3(d) .
To shed light on the microstructure changes of the 1D nanostructures with C 2 H 4 flow rate, Figs. 4(a)-4(c) show TEM images of the samples grown under a C 2 H 4 flow rate of 1, 2, and 5 sccm, respectively. While the tin core tends to decline in diameter, the carbon shell exhibits significant increase in thickness with the C 2 H 4 amount; the measured thickness of the carbon shell was around 10, 20, and 40 nm, respectively.
In terms of the growth of tin@carbon core-shell structure, it may follow the commonly used vapor-liquid-solid mechanism. At the target temperature, gaseous tin species generated from the molten tin powder were transported downstream on silicon substrate by argon gas and formed dispersed liquid tin droplets. The resultant tin liquid droplet provides an energetically favored site for the condensation of more incoming vapors, leading to the increase of the volume of liquid droplet. Liquid tin droplets, acting as catalysts, decomposed ethylene gas on the tin surface to form carbon nanotubes from the bottom of the tin droplet. As far as tin liquid core growth is concerned, the lateral growth of the liquid tin core is efficiently suppressed by the formation of carbon nanotubes at the side surface. In this case, the liquid tin is encapsulated inside tubular carbon. The coming tin species from vapor are absorbed on the top of the tin droplet to form 1D liquid tin core in the carbon nanotube. The continuous addition of C and Sn species at top surface of the nanostructure consequently leads to the 1D growth of tin/carbon core-shell nanowires structure. Figures 4(d)-4(f) show the surface morphology of the core-shell nanowires grown under the ethylene flow rate of 1, 5, and 7 sccm, respectively. It indicates that surface roughness of the carbon shell increases notably with the flow rate of ethylene.
However, another question may arise why branched core-shell nanowires were obtained at higher ethylene flow rate. Experimental results indicated that branched core-shell nanowires were seldom observed when the flow rate of C 2 H 4 was low (below 5 sccm in this work). To disclose the relationship between the morphology and composition of the hybrid surface, electron energy loss spectroscopy (EELS) mapping technique was used. thin carbon layer. Figure 5(a) shows the bright field TEM image of the hybrid nanowires, while Figs. 5(b) and 5(c) display EELS mapping images of carbon and tin element in which bright region represents carbon and tin, respectively, in (b) and (c). Obviously, it shows that a tin nanowire is encapsulated inside a carbon nanotube. In addition, some small particles are found on the outer surface of the nanotube. Scrutiny of the EELS maps unveils that the particles are actually composed of both tin and carbon at the same place, which implies that deposition of tin and carbon occurred on the outer surface of the carbon nanotube during the growth and gave rough surface of the hybrid. A careful examination of the growth process has indicated that surface state of the carbon shell depends greatly on the concentration of ethylene, which is consistent with the results as shown in Fig. 4 .
The growth of the core-shell nanowires involves the absorption and decomposition of ethylene, diffusion of carbon in the catalytic particle, and carbon precipitation at its surface. When high concentration C 2 H 4 was used, high supersaturation degree of carbon was formed in the tin liquid droplet, which resulted in larger thickness and roughness of the carbon shell, and the growth of branched hybrids was finally triggered with increasing ethylene amount.
According to previous literature, [28] [29] [30] [31] it has been reported that interconnection architecture of branched nanostructures is crucial in determining physical and chemical properties of the branched nanostructures as well as their performance for various nanodevices. Therefore, it is an intriguing issue to scrutinize the geometrical configuration of the branched tin@carbon core-shell nanowires. Through careful investigations on the growth process, branched core-shell nanowires with different geometrical configuration have been observed. Figure 6 illustrates the schematic growth diagram and corresponding SEM images of the branched structures. SEM images of the samples grown under the C 2 H 4 flow rate of 5 and 7 sccm are shown here. Hereinto, the carbon shell of the sample grown under a C 2 H 4 flow rate of 5 sccm is very thin so the core/shell contrast can be observed. Generally, the branched core-shell nanowires can be divided into three types, i.e., type A, B, and C as shown in Figs. 6(a)-6(c) . Formation of type A branched structure can be described as the welding of two originally independent core-shell nanowires, and the three subtype branched core-shell nanowires are found in the product as shown in Fig. 5(a) . For type B, as shown in Fig. 6(b) , the outer surface of the first generation core-shell nanowires may collect the evaporated tin vapor and induce the nucleation and growth of the second generation core-shell nanowires. Different from type A branched core-shell nanowires, division of tin droplet core triggers the formation of type C branched core-shell nanowires as shown in Fig. 6(c) .
Due to high surface roughness of the carbon shell, liquid end of other core-shell nanowires is attached to the carbon shell more readily, which triggered the formation of type A branched structure. In addition, rough surface of the carbon shell favors the collection of evaporated tin vapor, which would induce the nucleation and growth of type B branched core-shell nanowires. During the coreshell nanowire growth, division of the tin droplet might take place due to high precipitation rate of carbon clusters in the front end of the droplet, two carbon nanotubes could grow from the same catalyst simultaneously, and type C branched structures were generated. Compared with the most commonly used catalysts such as Fe, Co, Ni, and their alloys, the catalytic effectiveness of tin on carbon nanotube growth is lower because of the relatively low carbon solubility in tin, which may be one of the reasons why amorphous instead of graphite carbon shell was formed. Further research work is necessary to explore more detailed growth origin of the branched core-shell nanowires and achieve higher quality branched core-shell nanowires for practical applications.
IV. CONCLUSION
We have successfully prepared branched tin core/carbon shell core-shell nanowires on silicon substrate via a simple chemical vapor deposition method. The multiterminal feature of the core-shell nanowires is achieved as a result of self-assembled growth of aligned core-shell nanowires containing liquid tin core on silicon wafer. The tin core exhibits high quality single crystallinity, while the carbon shell shows amorphous nature. Low ethylene concentration favors the growth of freestanding core-shell nanowires, while high ethylene concentration triggers the achievement of branched core-shell nanowires. These high quality tin nanowires sheathed with protective carbon layer with multiterminals may find great potential applications in building multipath nanoelectronic devices, lithium-ion batteries, and enhanced superconducting nanodevices as well.
